Abstract PELP1 (proline-rich, glutamic acid -rich, and leucine-rich protein-1) is a potential proto-oncogene that functions as a coregulator of estrogen receptor (ER), and its expression is deregulated during breast cancer progression. Emerging evidence suggests growth factor signaling crosstalk with ER as one possible mechanism by which breast tumors acquire resistance to therapy. In this study, we examined mechanisms by which growth factors modulate PELP1 functions, leading to activation of ER. Using in vivo labeling assays, we have found that growth factors promote phosphorylation of PELP1. Utilizing a panel of substrate-specific phosphorylated antibodies, we discovered that growth factor stimulation promotes phosphorylation of PELP1 that is recognized by a protein kinase A (PKA) substrate -specific antibody. Accordingly, growth factor -mediated PELP1 phosphorylation was effectively blocked by PKA-specific inhibitor H89. Utilizing purified PKA enzyme and in vitro kinase assays, we obtained evidence of direct PELP1 phosphorylation by PKA. Using deletion and mutational analysis, we identified PELP1 domains that are phosphorylated by PKA. Interestingly, site-directed mutagenesis of the putative PKA site in PELP1 compromised growth factor -induced activation and subnuclear localization of PELP1 and also affected PELP1-mediated transactivation function. Utilizing MCF-7 cells expressing a PELP1 mutant that cannot be phosphorylated by PKA, we provide mechanistic insights by which growth factor signaling regulates ER transactivation in a PELP1-dependent manner. Collectively, these findings suggest that growth factor signals promote phosphorylation of ER coactivator PELP1 via PKA pathway, and such modification may have functional implications in breast tumors with deregulated growth factor signaling. (Mol Cancer Res 2008;6(5):851 -61) 
Introduction
The steroid hormone 17h-estradiol plays an important role in controlling the expression of genes involved in a wide variety of biological processes, including development, differentiation, and homeostasis in a wide variety of tissues, including bone, brain, breast, and uterus (1, 2) . The biological functions of estrogen are mediated by the estrogen receptor (ER), a liganddependent transcription factor that modulates gene transcription via direct recruitment to the target gene chromatin (3, 4) . In addition, the ER also participates in cytoplasmic and membrane-mediated signaling events (nongenomic signaling) and generally involves the stimulation of Src kinase, mitogenactivated protein kinase (MAPK), and phosphatidylinositol-3-kinase, and protein kinase A (PKA; refs. 5, 6) .
In the past decade, it has become increasingly clear that the recruitment of coregulatory proteins to ERs is required for ERmediated optimal transcriptional and biological activities and that coregulators provide an additional level of complexity in ER action (7, 8) . Coregulators seem to function as multitasking molecules, and their actions include chromatin modifications, remodeling, RNA splicing, and protein degradation (8, 9) . It is suspected that deregulation of ER coregulators could influence target gene expression and thus participate in the development of hormone-responsive cancers (7, 10) . However, the molecular mechanisms that modulate coregulator functions remain elusive.
ER signaling has also been shown to play a role in the progression of breast cancer with f70% of ER-positive breast tumors (11, 12) . Women with ER-positive tumors are commonly treated using ER-targeted therapy with selective estrogen blockers, such as tamoxifen, that target ER interactions with coregulators and/or with aromatase inhibitors that inhibit peripheral estrogen synthesis (13, 14) . Although these treatments are effective in the initial period, many patients eventually acquire resistance to these endocrine therapies (10) . The causes of resistance to estrogen-targeted therapy remain elusive. Deregulated epidermal growth factor (EGF) factor receptor signaling (15) and constitutive activation of cytosolic pathways are suggested as one possible mechanism by which tumors acquire resistance to therapy (16, 17) . The mechanism, by which growth factor signaling cross-talks with ER, is not completely understood and is an active area of investigation.
PELP1 [proline-rich, glutamic acid -rich, and leucine-rich protein-1; also termed modulator of nongenomic actions of ER (MNAR)] is a recently identified ER coregulator (18, 19) . PELP1 is a unique coactivator that plays an important role in both the genomic and nongenomic actions of the ER (20) . PELP1 recruits to the ER target gene promoter, interacts with histones and histone-modifying enzymes, and is suggested to play a role in chromatin remodeling activity of the ligandbound ER (21) . The ability of PELP1 to interact and couple cytosolic kinases c-Src and phosphatidylinositol-3-kinase to the ER highlights a novel role for PELP1 in nongenomic ER signaling (19, 22, 23) . Recent evidence suggests that PELP1 is a potential proto-oncogene; its expression is deregulated during cancer progression (24) . Although substantial information is available on the potential role of PELP1 as a ER coregulator, no studies have examined the role of PELP1 as a regulatory target of growth factor signaling.
In this study, we show that growth factor signaling promoted phosphorylation of PELP1 under physiologic conditions. We used kinase substrate -specific antibodies to show that growth factor signaling promoted phosphorylation of PELP1 via PKA.
Furthermore, we identified PELP1 amino acids S350, S415, and S613 as the substrate sites of PKA and show that PKAmediated PELP1 phosphorylation had functional consequences. Our results provide evidence that growth factors modulate PELP1 nuclear functions via phosphorylation, and such modification enhances the hormone-independent activation of the ER.
Results

PELP1 Is a Phosphorylated Protein
To study the possibility that PELP1 is phosphorylated in vivo, we immunoprecipitated the T7-epitope -tagged PELP1 from MCF-7 cell lysates that were metabolically labeled with [ 32 P]orthophosphoric acid. Autoradiography of the precipitated PELP1 showed that it was phosphorylated in vivo (Fig. 1A) . Earlier studies showed that PELP1 is phosphorylated on tyrosine (22, 23) ; however, whether PELP1 is phosphorylated on serines/threonines is not known. Mutation of the previously identified Y 920 site in PELP1 did not completely abolish the in vivo phosphorylation of PELP1, raising the possibility that PELP1 may be phosphorylated on additional sites and by other kinases (data not shown). To identify other putative kinases that may be phosphorylating PELP1 in vivo, we did Western blotting of immunoprecipitated PELP1 with a panel of phosphorylation status was analyzed by immunoprecipitation and autoradiography. B. PELP1 was immunoprecipitated using a control or the T7-epitopetagged antibody from total lysates prepared from MCF-7-PELP1 clones and Western blotted with phosphorylated (serine/threonine) substrate -specific antibodies that uniquely recognize PKA, PKC, AKT, or MAPK. C. T7-PELP1 was immunoprecipitated from MCF-7-PELP1 cells and treated with phosphatase, and phosphorylation status was analyzed by using the phosphorylated PKA substrate antibody. D. MCF-7-PELP1 cells were cultured in 10% serum, in vivo labeled with [ 32 P]P I , and treated for 1 h with various inhibitors: LY294002 (phosphatidylinositol-3-kinase inhibitor), H89 (PKA inhibitor), Ro 31-8220 (PKC inhibitor), or PD98059 (MAPK pathway inhibitor). T7-PELP1 was immunoprecipitated, and phosphorylation status was measured by autoradiography. These in vivo experiments are repeated thrice and are shown as experiments 1, 2, and 3. E. Intensity of the bands in D were quantified by densitometry and are shown as bar graph. Columns, average of three experiments and the differences in the intensity were analyzed by t test. P , significance level; NS, not significant. F. MCF-7 cells were cultured in serum-free medium and stimulated with PKA activator forskolin, and the phosphorylation status of endogenous PELP1 was analyzed by immunoprecipitation and autoradiography. substrate-specific phosphorylated antibodies that uniquely recognize PKA, PKC, MAPK, or AKT phosphorylated proteins. Interestingly, Western analysis of PELP1 immunoprecipitates indicated a strong intensity band with PKA substratespecific phosphorylated antibody and weak intensity band with AKT and PKC substrate antibodies (Fig. 1B) . No detectable staining was observed with MAPK substrate -specific antibody. To confirm the phosphorylation specificity of the substratespecific phosphorylated antibodies, we did phosphatase treatment after immunoprecipitation. Western blot analysis revealed that treatment of the immunoprecipitated PELP1 with alkaline phosphatase abolished the PKA substrate antibody recognition, suggesting that PELP1 phosphorylation is needed for the recognition of the PKA substrate -specific antibody (Fig. 1C) . Treatment of cells with PKA, phosphatidylinositol-3-kinase, PKC, or MAPK pathway specific inhibitors and subsequent immunoprecipitation of the in vivo [
32 P]-labeled PELP1 showed that blockage of PKA signaling substantially reduced in vivo phosphorylation of PELP1 ( Fig. 1D and E) . To further confirm the specificity of the PKA-mediated phosphorylation of PELP1, MCF-7 cells were treated with forskolin, a specific activator of PKA pathway. Immunoprecipitation of endogenous PELP1 indeed confirmed that forskolin treatment enhanced PELP1 phosphorylation that can be recognized by the PKA substrate -specific antibody (Fig. 1F ). Collectively these results suggest that PELP1 is phosphorylated in vivo on serine/ threonine residues and the PKA pathway constitutes a major signaling pathway that modulates PELP1 serine/threonine phosphorylation. We have therefore limited our focus in this study to characterize the PKA regulation of PELP1.
Growth Factor Signaling Modulates PELP1 Phosphorylation
Earlier studies indicated that PELP1 participates in growth factor signaling cross-talk with the ER (20) . We examined whether growth factor signaling promoted phosphorylation of PELP1 via the PKA pathway. MCF-7 cells were treated with EGF, and PELP1 phosphorylation was measured using the PKA substrate -specific antibody. The results showed that an increase in the phosphorylation of PELP1 occurred upon EGF stimulation, with maximal phosphorylation occurring at 10 min after stimulation ( Fig. 2A) . Because substantial amount of PELP1 resides in the nuclear compartment, we examined whether PKA-mediated phosphorylation modulates its localization. Confocal microscopy revealed that EGF stimulation did not significantly alter the nuclear localization of PELP1; however, EGF stimulated the reorganization of the subnuclear localization of PELP1. In the absence of EGF stimulation, PELP1 localization seemed diffuse whereas growth factor stimulation induced PELP1 localization into prominent foci/ speckle-like structures. Interestingly, pretreatment of cells with the PKA inhibitor H89 substantially reduced the growth factor -induced foci/speckle-like distribution of PELP1 in the nuclear compartment (Fig. 2B) . To examine the biological significance of EGF phosphorylation of PELP1, we used Cos1 cells to examine whether PKA phosphorylation of PELP1 is required for PELP1-mediated up-regulation of cyclin D1 expression. For these assays, we have used Cos1 cells because these cells express very low levels of endogenous PELP1 and thus represent a good model cells to study the effect of PKA inhibitor PELP1 transactivation functions in transient cells were serum starved for 24 h and stimulated with EGF (100 ng/mL) for the indicated periods of time, and T7-PELP1 was immunoprecipitated. The status of PKA-mediated phosphorylation on PELP1 was analyzed by using the PKA antibody.
B. MCF-7 cells were treated with EGF in the presence or absence of the PKA inhibitor H89, and the cellular localization of PELP1 was determined by using confocal microscopy. C.
Cos1 cells were transfected with the cyclin D1 luciferase reporter, along with pcDNA vector or pcDNA-PELP1. Cells were serum starved for 24 h, treated with EGF, EGF + H89, or forskolin for 12 h. The luciferase activity was then measured. *, P < 0.05; **, P < 0.001. Columns, mean from three independent experiments done in triplicate wells; bars, SE. D. Cos1 cells were transfected with GFP-PELP1-WT vector and treated with EGF (100 ng/mL) in the presence or absence of the PKA inhibitor H89, and the cellular localization of GFP-PELP1 was determined by using confocal microscopy. transfection assays. In reporter gene assays using the cyclin D1 promoter luciferase, cotransfection of PELP1 substantially enhanced the growth factor -mediated activation of cyclin D1 promoter. PELP1-mediated enhancement was abolished when the cells were pretreated with H89 (Fig. 2C) . Pretreatment of the cells with forskolin, a PKA-specific activator, substantially enhanced PELP1-mediated activation of cyclin D1. Similar to MCF-7 cells, blockage of PKA signaling in Cos1 cells also affected the subnuclear redistribution of PELP1 upon growth factor stimulation (Fig. 2D) . Collectively, these results suggest that growth factors use PKA to phosphorylate PELP1 and that such phosphorylation may play a role in the subnuclear localization and biological functions of PELP1.
PELP1 Is a Substrate of PKA
To determine whether PELP1 is a direct substrate of PKA, we did in vitro kinase assays using the purified PKA enzyme and immunoprecipitated T7-epitope -tagged PELP1 as a substrate using a published protocol (25) . The results showed that PKA phosphorylates full-length T7-PELP1 in vitro (Fig. 3A) . To identify the domains of PELP1 that are phosphorylated by PKA, we examined the ability of the purified PKA enzyme to phosphorylate glutathione S-transferase (GST) fusion proteins made with different domains of PELP1. PKA specifically phosphorylated the PELP1-GST fusions containing amino acids 1-400, 401-600, and 601-880; however, purified PKA enzyme failed to phosphorylate GST-PELP1 fusion containing amino acids 960-1130 (Fig. 3B) . Analysis of the PELP1 1-880 amino acid sequence indicated that there are nine consensus PKA serine phosphorylation sites. To map the PKA phosphorylation sites in PELP1, we mutated serines to alanine in these nine potential PKA phosphorylation sites. Mutation of PELP1 S350, S415, and S613 to alanine completely abolished the ability of PKA to phosphorylate PELP1-1-400, PELP1-400-600, and PELP1-601-866 domains, respectively (Fig. 3C) . Collectively, these deletion and mutation studies suggest that PKA phosphorylates PELP1 at three distant sites, including S350, S415, and S613.
PKA Phosphorylation Is Required for Optimal Coactivation Functions of PELP1
To determine the significance of PKA phosphorylation in the mechanism of PELP1 action, we examined the transcriptional activity of PELP1 mutants that lack PKA phosphorylation sites. We previously showed that PELP1 selectively activates the cyclin D1 promoter by functioning as a coactivator of transcription factors, such as the ER and signal transducers and activators of transcription 3 (STAT3; refs. 18, 26) . We used the cyclin D1 reporter gene assay and growth factor stimulation to establish the significance of PKA phosphorylation sites in PELP1. Compared with PELP1-WT, individual mutation of S350, S450, or S613 to alanine reduced PELP1-mediated induction of the cyclin D1 reporter gene upon growth factor stimulation ( Fig. 4A) . However, these effects of individual site mutation are not identical. Mutation of S351 and S415 sites have more effect on decreasing PELP1 coactivation function than that of S613 site. Of all the three sites, S613 seems to be weak. We have also tested a couple of double mutations; however, their effect is very similar to single mutations, suggesting that the remaining third site can rescue some of the mutation effects by compensation. On the contrary, mutation of all three sites completely abolished in the growth factor induced A. T7-PELP1 was immunoprecipitated from serum-starved MCF-7-PELP1 cells and subjected to in vitro kinase assays using the purified catalytic subunit of PKA (cPKA ). B.
PELP1-GST fusions of indicated length were subjected to in vitro kinase reaction with [ 32 P]g-ATP in the presence or absence of catalytic subunit of PKA. *, specific PELP1 GST proteins that are phosphorylated by PKA; ns, nonspecific band. C. In vitro kinase assay of GST-PELP1 mutants that lack specific PKA phosphorylation sites. Mutations were created by using site-directed mutagenesis with GST-PELP1 1-400, 401-600, 601-880 and 960-1130 plasmids as backbones. D.
Schematic representation of GST-PELP1 fusions of various PELP1 domains used in this study. Putative PKA phosphorylation sites identified in PELP1 (top ).
PELP1 coactivation function. Mutation of irrelevant serine site (S481) has no effect on growth factor -mediated PELP1 coactivation functions (Fig. 4A) . To confirm that the triple mutant is indeed not phosphorylated by PKA, we did in vitro kinase assay using immunoprecipitated GFP-PELP-WT or GFP-PELP1-MT. In these assays, PKA efficiently phosphorylated GFP-PELP1-WT; however, PKA failed to phosphorylate GFP-PELP1-MT (Fig. 1B) . To confirm that the GFP-PELP1 triple mutant is expressed and localized similarly as GFP-PELP1-WT, we transiently transfected GFP-PELP1 and GFP-PELP1-MT and determined localization by using confocal microscopy. The results show that both PELP1-WT and PELP1-MT proteins were localized predominantly in the nuclear compartment (Fig. 4C) . To evaluate whether mutation of PKA sites affected PELP1 interaction with either the ER or STAT3, we did immunoprecipitation of PELP1 after treating MCF-7 cells with EGF. Western analysis of the immunoprecipitates showed that mutation of the PKA sites in PELP1 did not significantly affect PELP1 binding to either the ER or STAT3 ( Fig. 4D and E) . However, PKA phosphorylation is required for optimal PELP1 activation of cyclin D1 under growth factor stimulation (Fig. 4A) , suggesting that PKA phosphorylation may play a role in other nuclear functions of PELP1.
PKA Phosphorylation of PELP1 Is Required for Nuclear Distribution
Because PELP1 exhibited punctuate distribution in growth factor -stimulated cells (Fig. 2B) , we examined whether PKA phosphorylation modulates intranuclear distribution of PELP1 upon growth factor stimulation. MCF-7 cells were transfected with GFP-tagged PELP1-WT or PELP-MT (that lacks all three PKA phosphorylation sites) and stimulated with serum, EGF, or forskolin. The nuclear distribution of PELP1 was determined by using fluorescence imaging. When not stimulated, PELP1 exhibited diffuse staining throughout the nucleus. Stimulation with serum or EGF increased PELP1 localization into discrete foci/speckle-like structures in the nucleus. Interestingly, pretreatment of cells with the PKA inhibitor H89 diminished cyclin D1 -luciferase reporter along with the cDNAs for the pcDNA vector, pcDNA-PELP1-WT, or the PELP1 mutants that lack specific PKA phosphorylation sites. Cells were serum starved for 24 h and stimulated with 100 ng/mL of EGF for 12 h, and the luciferase activity was measured. *, P < 0.05; **, P < 0.001.
Columns, mean from three independent experiments done in triplicate wells; bars, SE. B. GFP-PELP1 or GFP-PELP1-MT was transfected into Cos1 cells, and 72 h later, GFP-PELP1-WT and GFP-PELP1-MT were immunoprecipitated from the serum-starved Cos1 cells and subjected to in vitro kinase assays using catalytic subunit of PKA. C. MCF-7 cells were transiently transfected with GFP-tagged PELP1-WT or GFP-tagged PELP1-MT (S350, S415, S613A), and the cellular localization of GFP-PELP1 was determined by using confocal microscopy. D and E. Cos1 were cotransfected with PELP1-WT or PELP1-MT (S350, S415, S613A) plasmids along with ER or STAT3 expression plasmids. After 48 h, cells were stimulated with EGF (100 ng/mL) and PELP1 was immunoprecipitated. The association of the ER and STAT3 with PELP1 was analyzed by Western blot analysis. EGF-induced PELP1-related foci/speckles. Activation of the PKA pathway by addition of forskolin promoted increased formation of PELP1-related foci/speckles (Fig. 5A, top) . PELP1-MT that lacks all three PKA phosphorylation sites failed to form PELP1-related foci/speckles upon growth factor, serum, or forskolin stimulation and exhibited very diffuse staining that was similar to the pattern seen in serum-starved cells (Fig. 5A, bottom) . To confirm the changes in subnuclear localization of PELP1, we repeated these experiments in another commonly used breast cancer model cell, T47D. Confocal analysis in T47D cells also revealed that growth factors or serum promoted PELP1-WT localization into foci/ speckle-like structures (Fig. 5B, top) , whereas these stimuli have no significant effect on the nuclear distribution of PELP1-MT (Fig. 5B, bottom) . Similarly, E2 treatment of MCF-7 also promoted accumulation of PELP1-WT into a foci-like structure, whereas E2 had no significant effect on PELP1-MT localization (Fig. 5C ). We also tested the effects of selective activation or inhibition of PKA pathway using forskolin and H89, respectively, on the subcellular localization of endogenous PELP1 using sequential fractionation of MCF-7 cells. Forskolin or H89 treatment did not substantially affect the amount of PELP1 localized in the cytoplasmic or cytoskeleton fractions. However, forskolin treatment enhanced the PELP1 fractionation within the nuclear matrix (Fig. 5D) , whereas H89 reduced amount of PELP1 in the nuclear matrix (Fig. 5E) . These results suggest that PKA-mediated phosphorylation of PELP1 may play a role in the formation of the PELP1-related foci/speckles in the nuclear compartment and may also influence PELP1 association with the nuclear matrix.
PKA Signaling Enhances PELP1-Mediated Tamoxifen Agonist Actions in Breast Cancer Cells
Growth factor pathways were shown to modify the ER and its coactivators by phosphorylation, and such modifications are shown to promote ligand-independent activation of ER target genes and/or differential responses to selective ER modulators. Similarly PELP1 deregulation was also shown to promote the agonistic action of tamoxifen. To determine whether PKA signaling promotes PELP1-mediated ligand-independent activation of ER target genes or PELP1 recruitment to ER target chromatin, we did estrogen-responsive element (ERE) reporter gene and chromatin immunoprecipitation assays. Growth factor stimulation promoted the PELP1-mediated activation of ERE reporter gene in the absence of estrogen (Fig. 6A) . Transfection of PELP1 alone in MCF-7 cells did not significantly affected the tamoxifen-mediated activation of ERE reporter. Curiously, forskolin or EGF treatment substantially enhanced PELP1-mediated partial agonistic action of tamoxifen.
We examined whether PKA phosphorylation of PELP1 played a role in PELP1 recruitment to the ER target promoter upon growth factor stimulation. MCF-7 cells were transfected with PELP1-WT or PELP1-MT expression plasmids. Transfected cells exhibited similar transfection efficiency as seen when using GFP florescence. After 48 hours, the cells were serum starved and treated with EGF. The chromatin was subjected to immunoprecipitation using the GFP antibody. Chromatin immunoprecipitation results show PELP1-WT recruitment to the promoter of pS2 upon growth factor stimulation in a cyclical manner (Fig. 6B) . However, PELP1-MT that cannot be phosphorylated by PKA showed decreased ability to recruit to the pS2 promoter up on growth factor stimulation. These results suggested that PKA phosphorylation of PELP1 may have a role in growth factor -mediated activation of the ER target genes. To further confirm these findings, we have used Ishikawa cells, which are commonly used to document tamoxifen-mediated partial agonist actions that occur in pathologic conditions. As reported earlier, PELP1 induced activation of the ERE reporter in these cells and tamoxifen treatment further enhanced PELP1 actions. However, H89 pretreatment blocked PELP1-mediated activation of ERE reporter whereas forskolin addition significantly enhanced PELP1 coactivation functions in the presence of tamoxifen (Fig. 6C) . Mutation of PKA phosphorylation sites in PELP1 abolished its ability to activate the ERE reporter in the presence of tamoxifen (Fig. 6D) . Collectively, these results suggest that growth factor signaling has the potential to modulate ER transactivation functions via phosphorylation of PELP1, and this pathway has the potential to contribute to some extent to the partial agonistic actions of tamoxifen.
Discussion
Nuclear receptor (NR) coregulators are proteins that interact with an NR to modulate their transactivation functions (9, 27) . Recent evidence suggests that NR coregulators function as major regulators and coordinators of hormone receptor physiology, which includes the determination of tissue specificity of hormone action, the integration of membrane and nuclear signaling, and the integration of growth factor and physiologic signaling to NRs (9) . Within the past decade, it has become clear that recruitment of coregulatory proteins to NRs is required for NR-mediated optimal transcriptional and biological activities. PELP1, a novel NR coactivator, interacts with several NRs, including the ER. However, little is known about the molecular mechanisms that regulate the functions of PELP1. The results from this study reveal that growth factor signaling promotes phosphorylation of PELP1 via PKA. A reduction of PELP1 phosphorylation in vivo by H89 (PKA inhibitor), an increase in PELP1 phosphorylation in vivo by forskolin (PKA activator), and the ability of the purified PKA enzyme to phosphorylate PELP1 in vitro clearly show that PELP1 is a bonafide substrate of PKA. Furthermore, we identified three novel sites in PELP1 (S350, S415, and S613) that are phosphorylated by PKA and showed that mutation of these sites severely affects PELP1 coactivation functions upon growth factor stimulation.
PKA is widely expressed in mammalian cells and is implicated in the regulation of a wide variety of processes, including growth, development, metabolism, and gene expression (28) . PKA holoenzymes are composed of two regulatory and two catalytic subunits (29) . A number of hormones and growth factors have been shown to stimulate PKA in target cells via production of cyclic AMP (cAMP). Upon cAMP binding, PKA catalytic subunits dissociate from cAMP-saturated regulatory subunits and promote the phosphorylation of specific nuclear factors (28) . PKA phosphorylates a wide variety of substrates, and such phosphorylation is reported to elicit differential responses depending on the substrate. PKA phosphorylation of cAMP-responsive element binding protein promotes cellular gene expression via recruitment of coactivator paralogues, such as cAMP-responsive element binding proteinbinding protein and p300 (30) . PKA modulates h-catenin signaling through direct phosphorylation and promoting its interaction with the cAMP-responsive element binding proteinbinding protein (31) . Phosphorylation by PKA potentiates retinoic acid receptor a activity by means of increasing interaction with and phosphorylation by cyclin H/cyclin-dependent kinase 7 (32) . PKA phosphorylation regulates degradation and subcellular localization of the NR coactivator GRIP1 (33) . Our results suggest that PELP1 is another novel substrate of PKA. Growth factor stimulation promotes phosphorylation of PELP1. Inhibition of PKA activity by H89 or mutation of PKA phosphorylation sites in PELP1 substantially reduced growth factor -induced coactivation functions of PELP1. However, we failed to see an effect of PKA phosphorylation either on PELP1 interactions with the ER and STAT3 (Fig. 4D and E) or its degradation/stability (data not shown). Because PELP1 functions as a scaffolding protein and interacts with several proteins (f22 identified interacters; ref. 20) , it is possible that the PKA phosphorylation may affect PELP1 interactions with proteins other than ER and STAT3. Additional studies are needed to determine how PKA signaling modulates PELP1 functions and interactions with other cellular proteins.
Foci formation of NRs is shown to correlate with the functionally active state of the NRs. Earlier studies show that PKA signaling influences the transcriptional activation of NRs via phosphorylation of coregulators and by altering subnuclear localization. For example, activation of PKA signaling is shown to enhance steroidogenic factor transactivation functions by enhancing nuclear foci formation (34) . One of the notable findings of this study is the recruitment of PELP1 to discrete subnuclear foci after stimulation of the PKA signaling pathway. In our earlier study using subnuclear fractionation, we showed that substantial amount of PELP1 associated with the chromatin and nuclear matrix fractions (21) . In this study, inhibition of PKA signaling substantially reduced the amount of PELP1 in the nuclear matrix fractions. Similarly mutation of PKA phosphorylation sites in PELP1 affected its localization in the discrete foci upon forskolin stimulation. The specificity of cellular and nuclear responses to cAMP, in part, is mediated by targeting of the regulatory subunit of PKA to discrete subcellular loci through associations with A-kinase anchoring proteins (35) . A-kinase anchoring protein 95 is a zinc-finger protein, which binds and anchors PKA, and is found in the nuclear matrix of a wide variety of mammalian cells. Because inhibition of PKA signaling reduced the PELP1 attachment to the nuclear matrix and because PKA is present within the nuclear matrix via A-kinase anchoring protein, PKA-mediated phosphorylation may be involved in the stabilization of PELP1 interactions with the nuclear matrix (36) . We conclude that the underlying mechanism for the PKA phosphorylation -induced increase in PELP1 coactivation functions is likely due to PELP1 nuclear redistribution upon PKA phosphorylation. The localization of PKA within the foci/nuclear matrix may play a role in optimal coactivation functions of PELP1.
PKA signaling promotes ligand-independent activation of the ER and also regulates ligand-dependent ER activation (37, 38) . PKA phosphorylation at S236 in the DNA-binding domain of the ER promotes dimerization of the ER, and the PKA signaling is shown to promote alteration in the agonist/ antagonist balance of antiestrogens in breast cancer cells (38) . Similarly, phosphorylation of S305 in the hinge region of the ERa by PKA is shown to induce resistance to tamoxifen (39) . It was also shown that down-regulation of the negative regulator of PKA, PKA-RIa, was associated with tamoxifen resistance before clinical treatment, implicating PKA deregulation in tamoxifen resistance (39) Our study extends these earlier studies that PKA signaling promotes tamoxifen agonistic actions and further suggests that mechanism of PKA action also involve ER coregulator PELP1 phosphorylation as the PELP1 mutation that prevents PKA phosphorylation substantially reduced PKA-mediated tamoxifen actions.
Like peptide growth factors, estrogens cause activation of various protein kinases, such as MAPKs, and increases in the levels of second messengers, such as cAMP within minutes (37, 38) . In this study, we found that PKA phosphorylates PELP1 and such modification enhances PELP1 coactivation functions. These results also raise a possibility that cross-talk between the second messengers generated via nongenomic ER pathways could probably have important roles in estrogen genomic responses via phosphorylation of coactivators. Because PELP1 plays an important role in nongenomic ER actions, the capability of PELP1 to get phosphorylated by these pathways suggest that this could be one mechanism to amplify the estrogen signaling via an autocrine signaling loop. Such cross-talk between ER genomic and nongenomic pathways may have implications for therapy.
NR coregulators are suggested to likely function as ''master genes,'' sensing physiologic signals and activating the appropriate set of genes using a wide variety of NRs (40, 41) . Phosphorylation of coregulators seems to be the key regulatory mechanism that controls the localization, specificity, and function of coregulators and probably allow coregulators to sense the physiologic signals (42) . It seems that PELP1 has the capacity to sense a wide variety of signals, and phosphorylation may allow PELP1 to cross-talk between NRs and growth factor pathways. Earlier studies have shown that growth factor signaling induces the phosphorylation of PELP1 on tyrosine. EGF promotes PELP1/MNAR association with the EGF receptor, resulting in the tyrosine phosphorylation of PELP1/ MNAR (22) . PELP1 tyrosine phosphorylation is implicated in the activation of AKT pathway in a nongenomic manner by the ER (23) . In this study, we have identified additional kinases (PKA, PKC, AKT) that phosphorylate PELP1 upon growth factor stimulation. Using inhibitors and phosphorylated statespecific antibodies, we found that PKA contributes to the substantial amount of PELP1 phosphorylation upon growth factor stimulation.
PELP1 seems to function as a scaffolding protein, has potential binding sites for several key molecules involved in the breast cancer progression including ER, EGF receptor, Src, phosphatidylinositol-3-kinase, and therefore is a potential candidate for the signaling cross-talk in cancer cells. Earlier studies showed that PELP1 promotes growth factor -mediated activation of ER target genes. We found that mutation of PKA phosphorylation sites in PELP1 substantially reduced the ability of PELP1 to activate ER target gene upon growth factor stimulation and reduced PELP1 recruitment to the ER target gene promoter. These findings complement the earlier observation that PELP1 participates in growth factor -ER cross-talk and further suggest that growth factor -mediated phosphorylation of PELP1 via PKA plays an important role in facilitating PELP1 cross-talk with ER signaling.
Endocrine therapy using tamoxifen, a selective ER modulator, has been shown to improve relapse-free and overall survival (43); however, initial or acquired resistance to endocrine therapies frequently occurs. Although the mechanisms for hormone therapy resistance remains elusive, recent studies suggest the presence of alternative signaling pathways that activate ER may account for hormonal therapy resistance (19, 44, 45) . Growth factor -mediated phosphorylation of ER and ER coregulatory proteins have been shown to have a role in tamoxifen resistance (15) . High levels of the coactivator AIB1 alone or together with high levels of HER-2/neu were associated with worse disease-free survival in tamoxifen-treated patients (46) . PELP1 enhances the agonist actions of tamoxifen in endometrial cells, suggesting that PELP1 plays a role in the tamoxifen-mediated partial agonist action observed in the endometrium (47) . Findings from this study suggest that PKA phosphorylation of PELP1 is one mechanism by which growth factor signaling promotes tamoxifen partial agonistic actions.
In summary, our results show that growth factors promote phosphorylation of the ER coregulator PELP1 via the PKA pathway and provide the first in vivo evidence that PKA phosphorylates PELP1 in breast cancer cells. This phosphorylation plays an important role in growth factor cross-talk with the ER pathway and identifies a novel mechanism for modulation of ER signaling through direct phosphorylation of the ER coregulator PELP1 by PKA. Furthermore, these findings suggest that deregulation of PKA and PELP1 pathways has potential to contribute to tamoxifen resistance via upregulation of its agonistic actions.
Experimental Procedures
Cell Cultures and Reagents MCF-7 human breast cancer cells were maintained in RPMI supplemented with 10% FCS (28 (49) . Phosphorylated (serine/threonine) kinase substrate antibodies were obtained from Cell Signaling Technology. Charcoal-stripped serum (DCC serum), forskolin, and PKA enzyme were purchased from Sigma. The anti -T7-epitope antibody was purchased from Novagen. Antibodies against PELP1 were purchased from Bethyl Laboratories. Paxillin antibody was obtained from Neomarkers. Lamin B was obtained from Oncogene. PKA inhibitor H89 was procured from Biomol.
Plasmids and Reporter Genes
The wild-type PELP1, GST-PELP1, and ERE reporter constructs were described previously (21) . The PELP1 S102A, S245A, S316A, S350A, S415A, S515A, S530A, and S613A mutations were generated by site-directed mutagenesis (Quick Change Mutagenesis kit, Stratagene) using GST-PELP1-1-400, GST-PELP1-400-600, GST-PELP1-600-880, and pcDNA-PELP1 as backbones. GFP-PELP1-WT was generated by PCR-based cloning of the open reading frame of PELP1 into GFP vector (Clontech). GFP-PELP1-MT (S315, S415A, S613A) was generated by using site-directed mutagenesis of GFP-PELP1. Cyclin D1 -luciferase reporter (1745-CD1-Luc) used in this study was described previously (49) .
Cell Extracts, Immunoblotting, and Immunoprecipitation MCF-7 or MCF-7-PELP1 cell lines were serum starved for 48 h in phenol red -free RPMI serum containing 3% DCC serum and treated with estrogen (10 À9 mol/L) for the indicated periods of time. For the EGF treatment, the cells were cultured in serum-free medium for at least 24 h before treatment with 100 ng/mL EGF for the indicated periods of time. To prepare cell extracts, the cells were washed thrice with PBS and then lysed in Triton X-100 buffer [50 mmol/L Tris-HCl (final pH 7.5), 100 mmol/L NaCl, 10% glycerol, 0.5% Triton X-100, 1Â protease inhibitor mixture (Roche), and 1 mmol/L sodium vanadate] for 15 min on ice. Cell lysates containing f200 Ag protein were resolved on 8% SDS-polyacrylamide gels, transferred to nitrocellulose membranes, probed with the appropriate antibodies, and developed using either the enhanced chemiluminescence method or the alkaline phosphatase -based color reaction method. For PELP1 immunoprecipitation, MCF-7 cells were lysed in high salt extraction buffer [20 mmol/L HEPES (final pH 7.9), 1.5 mmol/L MgCl 2 , 420 mmol/L NaCl, 0.2 mmol/L EDTA, 0.5 mmol/L DTT, 25% glycerol, 1 mmol/L NaVO 4 , and 1Â protease inhibitor and phosphatase inhibitor] for at least 1 h on ice. The lysate was diluted to a salt concentration of 100 mmol/L before adding PELP1 antibodycoupled protein A beads. For cell fractionation, MCF-7 cells were serum starved for at least 24 h and treated with forskolin or H89 and fractionated into cytoplasmic, nucleoplasmic, chromatin, and nuclear matrix fractions as described (21) . Equal amounts of protein were analyzed for localization of PELP1 by Western blotting.
In vivo and In vitro Phosphorylation Assays
For measuring in vivo phosphorylation, MCF-7 cells stably expressing T7-PELP1 were cultured overnight in phosphatefree medium. Cells were labeled with [ Reporter Gene Assays and Chromatin Immunoprecipitation Assays ERE-luciferase (200 ng) or cyclin D1 -luciferase (200 ng) reporter constructs were cotransfected with or without PELP1-WT or PELP1-MT plasmids (100 ng) using FuGENE6. After 48 h, cells were serum starved or cultured in 3% DCC medium without phenol red for 48 h and then treated with EGF (100 ng/mL), H89 (10 mmol/L), forskolin (20 mmol/L), or tamoxifen (10 À8 mol/L) for 12 h. Cells were lysed with passive lysis buffer, and the luciferase activity was measured using a luciferase reporter assay kit (Promega). The total amount of DNA used in the transfections was kept constant by adding a parental vector. Each transfection was carried out using sixwell plates in triplicate and normalized with h-galactosidase activity or the total protein concentration. Chromatin immunoprecipitation assays and pS2 primers used were described previously (21) .
Immunofluorescence and Confocal Microscopy Studies Cellular localization of PELP1 WT or MT was determined by indirect immunofluorescence, as described previously (21) . Briefly, MCF-7 cells were grown on glass coverslips and maintained in serum-free medium for at least 24 h followed by treatment with H89, forskolin, or EGF. The cells were rinsed twice with PBS and fixed in 3.7% paraformaldehyde for 15 min at room temperature. The cells were incubated with the PELP1 antibody (1:200) for 2 h at room temperature, washed thrice in PBS, and then incubated with secondary antibodies conjugated with Alexa 488 dye (green) from Molecular Probes. The DNA dye 4 ¶,6-diamidino-2-phenylindole (Molecular Probes) was used to costain DNA (blue). Confocal scanning analysis was done using Olympus FV300 laser scanning confocal microscope in accordance with established methods, using sequential laser excitation to minimize the possibility of fluorescent emission bleed through.
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